I. INTRODUCTION S
MOSFET dimensions shrink down, electrical performances are degraded by inefficient electrostatic control of the gate. In order to reduce short channel effects, multi-gate structures on silicon-on-insulator (SOI) have been proposed in the last few years. Among these, double-gate (DG) MOSFETs can provide good electrostatic control as well as excellent electrical performances. Several modelling works using both Monte Carlo (MC) and NEGF have been presented [1, 2] , adopting a 2D description of the device. In particular, MC simulations show a reduction of the drain current and a threshold voltage shift due to surface roughness effects [1] .
However, for very short gate lengths (L g ) ultrathin body transistors are needed, since the ratio between L g and the silicon body thickness T Si must be lower than 2.5. In this context, spatial fluctuations generated by SR are expected to play a dominant role in carrier transport.
In order to correctly evaluate SR effects on transport properties of planar devices, a threedimensional simulation is implemented, accounting for quantum confinement along the vertical direction and 2D transport in the plane, whereas spatial fluctuations are microscopically described by a random generation of surface roughness at the Si-SiO 2 interfaces. In this paper we present a self-consistent simulation of DG MOSFET based on a full-3D real-space Poisson-NEGF algorithm [3, 4] with open boundary condition along the transport direction (x-axis), Dirichlet condition along the confinement one (y-axis) and periodic boundary conditions along the other transverse one (z-axis). This algorithm allows us to reproduce realistic spatial fluctuations in a planar structure and then to directly evaluate the effects of SR on transport properties of the device.
In Section II we describe the physical model and numerical methods while in Section III we present the simulation results as well as their physical interpretation.
II. PHYSICAL MODELS AND NUMERICAL METHODS
We adopt the Landauer-Büttiker formalism to calculate transport properties of the device, which is valid in case of coherent transport. The conductance G is defined as
where g v(s) is the valley (spin) degeneracy, T(E) is the transmission matrix of the device, f the FermiDirac distribution function at the source. We solve the Schrödinger problem using NEGF formalism. Since the calculation of the total Green's function of the device is computationally expensive, we adopt a recursive strategy consisting first in computing the on-site Green's functions of each slice and then in composing them according to the Dyson equation [5] . In order to take into account wavefunction penetration into the oxide, we implement a generalized form of the 2D Hamiltonian
where [1/m] is the inverse electron effective mass tensor and V(y,z) is the potential energy along the (y,z) plane. Once the Green's function of the considered system is computed, we obtain the transmission matrix:
where 
where ε is the dielectric constant, φ the potential and ρ the charge density. Importantly, in order to simulate a planar device, we adopt periodic boundary conditions along one of the transverse directions (z-axis), i.e.:
where φ i,j,k is the potential and ψ i,j,k the wavefunction at the grid point (i,j,k).
A. Surface Roughness Generation
We describe surface roughness with an exponential autocorrelation law, i.e.: 
where Δ m is the root mean square (RMS) of the fluctuation and L m is the correlation length [6, 7] . Rough interfaces are only generated in the channel region to take into account the effect of SR on electron transport. Fig. 1 and 2 present an example of the random generation of the SR and of the effect of the potential fluctuations on the charge density for two Fig. 2 due to the longer size of the transport direction with respect to the periodic one (Fig. 1) . First, we observe a direct correlation of the charge density profile with respect to the conduction band. Second, we notice that, for the considered body thickness, the charge density is mainly located at the center of the silicon region.
III. RESULTS AND DISCUSSION
We simulated DG MOSFETs with 20 nm gate length and silicon body T Si of 3 nm. Source and drain contacts were 5 nm long and the doping concentration N d was 10 20 cm -3 . The average oxide thickness T ox was 1 nm. Fig. 3 shows first 1-D subbands for different SR parameters at large and small gate overdrive. The amplitude of potential fluctuations increases proportionally to Δ m . This is explained by the change of the lowest eigenvalue in each slice of the device, arising from the SR alteration of the local two-dimensional potential well.
Transconductance curves for different SR parameters are presented in Fig. 4 . The main effect of roughness is a reduction of the drain current as RMS increases since scattering becomes stronger. Moreover, we notice a shift of the threshold voltage which is proportional to the value of Δ m considered. This can be explained from the variation of the subband amplitude in presence of SR (see Fig. 3 ). Fig. 5 shows the effective mobility μ eff as a function of the inversion charge density, where a reduction of the mobility at large densities is observed. Such a behavior arises on one hand from the reduction of the degeneracy factor F -1/2 (η F )/F 0 (η F ), with η F the reduced Fermi level and on the other by the increasing importance of SR scattering. Ballistic mobility μ bal is used as a reference for the following calculations. According to Ref. [8] the backscattering coefficient r [9] (or the ballistic coefficient 1-r) can be expressed in terms of effective and ballistic mobility, 
which is addressed in Fig. 6 . As expected, we notice an increase of this parameter directly proportional to the RMS value of the surface roughness. Interestingly, an opposite dependence on N inv is observed for low and densities, depending on the combination of two different effects. At low electron densities the backscattering is mainly caused by the potential fluctuations along the transport direction (as shown in Fig. 3 ), while at large ones mode-mixing mechanism, coupling transverse 2D wavefunctions of adjacent slices, becomes dominant. In particular, potential fluctuations are more efficient for large Δ m values, consistently with Fig.3 , which implies a larger curvature of r for Δ m = 0.3 nm.
IV. CONCLUSION
We have presented a full-3D quantum simulation of ultra-thin body DG-MOSFETs with rough interfaces by imposing periodic boundary conditions along one of the planar directions. This algorithm allows us to address in a rigorous way the potential fluctuations at the Si-SiO 2 interface generated by surface roughness. SR decreases drain current and gives rise to a threshold voltage shift. By analyzing the dependence on the inversion charge density of effective mobility and of the backscattering coefficient, we have observed the competing effect of two limiting mechanisms on the transport. Potential fluctuations are effective at small inversion charge densities, whereas modemixing at large ones where, due to the action of gate voltage, electron wavefunctions are pushed towards the interfaces.
